Abstract: Stable-isotope signatures in animal tissues presumably reflect the local food web. However, that assumption may be complicated by differential nutrient routing, fractionation, and the possibility that large organisms are not in isotopic equilibrium with seasonally available food sources. Additionally, the rate at which organisms incorporate the isotopic signature of a food is largely unknown. In this study we assessed the rate of carbon-and nitrogen-isotope turnover in liver, muscle, and blood in mice (Mus musculus L., 1758) following a diet change. We report the proportion of tissue turnover caused by growth versus that caused by metabolic tissue replacement. Growth accounted for approximately 10% of observed tissue turnover in adult mice. Blood carbon had the shortest half-life (16.9 days), followed by muscle carbon (23.9 days). Liver carbon turnover, which was slower than blood and muscle carbon turnovers, was not as well described by the exponential decay equations. All tissues primarily reflect the protein carbon signature rather than the carbohydrate carbon signature. The nitrogen signature in all tissues was enriched by 3‰-5‰ over their diets' nitrogen signature, depending on tissue type, and the isotopic turnover rates of nitrogen in blood and muscle were comparable with those observed for carbon.
Introduction
Stable-isotope analysis is rapidly becoming a highly used and powerful tool in studying animal ecology. Analysis of stable-isotope ratios of elements such as carbon, nitrogen, sulfur, hydrogen, oxygen, and others has been used to trace migratory routes (reviewed in Hobson 1999) , reconstruct dietary sources (reviewed in Fry and Sherr 1984; Lajtha and Michener 1994) , and determine physiological condition of individual animals (Hobson et al. 1993) . These studies are based on the fact that stable-isotope ratios of consumers reflect the isotopic signature of the local food web (Peterson et al. 1985; Peterson and Howarth 1987; Michener and Schell 1994) . Different mechanisms of carbon fixation often result in different δ 13 C signatures among primary producers (Peterson and Howarth 1987; Ehleringer and Monson 1993; Korontzi et al. 2000) . Additionally, stable-isotope ratios of nitrogen ( 15 N/ 14 N) can be used to determine trophic relationships between organisms. An approximate 3‰-3.5‰ increase in δ 15 N per trophic level in a food chain has been observed in a wide range of terrestrial and aquatic systems (Minagawa and Wada 1984; Koch et al. 1994; Michener and Schell 1994) .
Stable-isotope signatures in an animal's tissues are assumed to reflect the isotopic signature of the local food web. To satisfy this assumption, the animal must (i) be in isotopic equilibrium with its diet, (ii) reflect the bulk isotopic signature of its food and not preferentially reflect any particular molecular component (protein, carbohydrate, etc.), and (iii) must show consistent diet-tissue discrimination (Hob-son et al. 1995; Gannes et al. 1997) . However, as recognized by Gannes et al. (1997) , these assumptions may be violated as shown by carbon fractionation in lipid (DeNiro and Epstein 1977; Monson and Hayes 1982) and amino acid (Macko et al. 1987 ) synthesis, and the differential routing of dietary nutrients to tissues (Sutoh et al. 1987; Tieszen and Farge 1993; Hobson et al. 2000) . In addition, different tissues may exhibit different diet-tissue discrimination factors (Sponheimer et al. 2003) .
In their natural environment, animals may not be in isotopic equilibrium with their diet because of migratory movement or seasonal changes in available food sources. When an animal switches diets, the isotopic composition of the old and new diets may vary. The time required for an organism to reflect the isotopic signature of a new food is determined both by the rate of growth and by the rate of tissue replacement owing to metabolism. Most studies examining isotopic turnover rates have looked at juvenile or larval organisms (Fry and Arnold 1982; Frazer et al. 1997; Herzka and Holt 2000; Haramis et al. 2001; Maruyama et al. 2001 ) that exhibit a rapid growth rate, and relatively small animals with high metabolic rates (Tieszen et al. 1983; Hobson and Clark 1992a; Voigt et al. 2003) , or at large poikilothermic fish with relatively slow metabolism (Hesslein et al. 1993; MacAvoy et al. 2001) . Few studies (Tieszen et al. 1983) have examined the isotopic change owing to growth rate versus that owing to metabolism in adult mammals (but see Ayliffe et al. 2004) , allowing the researcher to determine the relative importance of each component. It is important to recognize that the isotopic turnover rate of birds/mammals, which experience very little growth at the adult stages, is likely to be quite different than that of invertebrates or fish, which experience indeterminant growth. Isotopic turnover rate for invertebrates may also be affected by temperature because of its effect on metabolic processes.
Following a change in diet, different tissues will take on the isotopic signature of the new food at different rates as a result of different tissue turnover rates. "Turnover" indicates the rate of breakdown and re-synthesis of the tissue, which can vary between tissues and is associated with metabolic rate. Turnover studies in Mongolian jirds, Meriones unguiculatus (Milne-Edwards, 1867) , suggest that tissues with faster metabolic rates tend to have shorter half-lives (Tieszen et al. 1983) .
Dietary nutrients are also differentially routed to different tissues (Ambrose and Norr 1993; Tieszen and Farge 1993) , indicating that analysis of a single tissue may not accurately reflect dietary sources. For instance, changing from a solitary nutrient source of ground corn to that of ground wheat was reflected, with expected diet-tissue discrimination, in brain, muscle, and liver tissues, but not in hair or fat tissues of gerbils (Tieszen et al. 1983 ). However, Tieszen et al. (1983) used food that only had one carbon-isotope signature regardless of substrate (protein, carbohydrate, etc.) . To examine how nutrients are differentially routed to tissues, dietary sources of protein, carbohydrates, and fat must have different carbon signatures, allowing the researcher to track them following ingestion.
In this paper we examined the rate of isotopic change in various tissues of inbred laboratory mice (Mus musculus L., 1758) following a dietary change, as well as compared how the isotopic signatures of the new and old diets were reflected in various tissues. The mice were sexually mature at the beginning of the experiment (13 weeks old), and we found that the growth rate slowed slightly over the course of the experiment as they approached their asymptotic mass. We determined the contribution of both growth (generation of new tissue) and metabolic tissue replacement (replacement of existing tissue) to the rate of isotopic change. These results will have a significant impact on the interpretation of isotopic signatures of organisms from field studies because even mice with high metabolic rates require several weeks to equilibrate with the isotopic signature of their diet.
Materials and methods

Mice and tissue collection
Female inbred Balb/c mice were purchased from Harlan (Indianapolis, Indiana) and housed under standard conditions. All mice were cared for in accordance with the principles and guidelines of the Canadian Council on Animal Care. Nineteen mice were identified by ear tagging and were approximately 13 weeks old on day 1 of the experiment. The experiment was terminated after 16 weeks (112 days). All mice were free-fed the diet on which they had been weaned, specifically diet 2018 (approximately 18.9% protein, 57% carbohydrates, 6% fat from oil, and 18% fiber-vitaminmineral supplement) that is commercially available from Harlan (Table 1) . On day 1, the diet of nine mice was changed to a custom diet obtained from Harlan containing approximately 20.7% protein from casein, 58.8% carbohydrate from sugar cane, 7% fat from soybean oil, and 13.2% of the total diet from a fiber-vitamin-mineral supplement (Table 1) . The eight control mice were maintained on diet 2018. On day 1, two mice were sacrificed by CO 2 asphyxiation and tissue samples were obtained as follows. A sample of the liver was obtained following dissection and rinsed briefly in distilled water to diminish blood contamination of the tissue. The belly of the right tricep muscle was removed for sampling of skeletal muscle and blood samples were obtained during dissection. These methods and locations of tissue sampling were consistently used throughout the experiment. Every 2 weeks blood samples (approximately 100 µL) were obtained from all mice by survival bleeding from the tail vein. Every 4 weeks two mice from the experimental group and two mice from the control group were sacrificed by CO 2 asphyxiation for tissue sampling. On the final day of the experiment the remaining three mice in the experimental group were sacrificed. All mice were weighed prior to sampling to allow growth-rate determination. All blood and tissue samples were dried at 60°C for 3 days and homogenized in preparation for analysis. Lipids were extracted from samples by refluxing in dichloromethane for 35 min. Either a Micromass Optima (University of Virginia, Charlottesville) or a Europa Hydra 20/20 (University of California, Davis) stable-isotope-ratio mass spectrometer was used to obtain δ 13 C and δ 15 N values. The δ 13 C and δ 15 N values for blood are from an average of eight samples for the first 4 weeks, six samples for weeks 6 and 8, four samples for weeks 10 and 12, and two (control) or three (experimental) samples for weeks 14 and 16. Isotopic values for muscle and liver tissues are from an average of two samples for all time points, except for day 112, which is from an average of two (control) or three (experimental) samples.
The isotopic compositions are reported relative to standard material and follow the same procedure for all stableisotope measurements:
where E is the element analyzed (C or N), x is the molecular weight of the heavier isotope, and y is the molecular weight of the lighter isotope (for C, x is 13 and y is 12; for N, x is 15 and y is 14). The standard materials to which the samples are compared are Pee Dee Belemnite for carbon and air N 2 for nitrogen. Laboratory standard materials (NBS citrus leaf), which were run conjointly with the samples, were typically within 0.3‰, or better, of each other for δ 13 C and δ 15 N.
Mixing equations
Isotopic mixing equations can be used to quantify nutrientsource dependence in systems with isotopically distinct nutrient sources (Ben-David and Schell 2001; Phillips 2001) . In this study there are two distinct carbon sources, but only one nitrogen source in the diet fed to the experimental group of mice. Therefore, no mixing equation is necessary when considering nitrogen turnover, and only carbon values are used in the mixing equation. The general form of the mixing equation used is
where f casein is the fraction of diet from casein and δ x E casein and δ x E sucrose are the mean isotopic signatures of casein and sucrose, respectively. The F term corrects for trophic enrichment (diet-tissue discrimination factor) associated with isotopic analysis and was given a δ 13 C value of 1.4‰ for blood tissue and 1.6‰ for muscle and liver tissues. These values were experimentally determined by comparing the δ 13 C of the initial diet (2018) to that of the tissue on day 1 of the experiment. The F values determined for diet 2018 were used to estimate trophic enrichment (diet-tissue discrimination factor) associated with the experimental food because the percentages of protein, carbohydrate, lipid, and other components were very similar between the two diets. On day 1, the mice had been kept for 2 months on diet 2018, which was the same diet on which they were weaned. Some basic assumptions are associated with using the isotopic mixing equations in this study. The first assumption is that diettissue discrimination effects observed for the control diet are the same as those observed for the experimental diet. This assumption is reasonable considering that the mice in both groups were genetically very similar (same inbred strain), were the same age and sex, and the nutritional components in the diets were almost identical (as mentioned above). The second assumption is that isotopic end-members in the mixing equation are known. The end-members are determined by the initial δ 13 C values of the food fed to the mice at the beginning of the study and the signature of the experimental food fed beginning on day 1. The third assumption is that mixing after assimilation is complete. This last assumption requires all carbon compounds to be incorporated into tissue in proportion to their dietary concentration. This assumption may not be valid as will be discussed later in the paper.
Turnover modeling
The turnover model used was based on that of Hesslein et al. (1993) , which is an exponential equation containing both a growth and a metabolic component. Growth can be described as
where k is the specific growth rate constant, t is days, M s is the mass of the mouse at any given time, and M 0 is the initial mass of the mouse (Webster and Yancey 1992) .
In an equation where metabolism (m) and growth (k) contribute to isotopic turnover, the following equation holds true:
where dC/dt is the change in isotope value over time, C is the isotopic value for a mouse when sampled, C n is the expected isotopic value for a mouse in equilibrium with its new diet, and k is the specific growth rate constant from eq. 3. Let (C -C n ) = C ′, then integrate eq. 4 to give
where α equals the difference between the initial isotopic value for a mouse (C 0 ) and the expected isotopic value for a mouse in equilibrium with its new diet (C n ), which is a constant. Therefore, eq. 6 becomes
To solve eq. 7, values for k and m must be determined. The value of the constant k was determined by monitoring change in mass of mice over time as indicated in eq. 3. Metabolic tissue replacement rates for carbon and nitrogen isotopes were derived by comparing expected isotopic turnover owing to growth (mass increase) to that which was experimentally observed. Expected isotopic change owing to growth was modeled as an exponential function (eq. 7) using the values of k that were obtained from the change in mass over time (eq. 3) (Hesslein et al. 1993 ). Any isotopic turnover in excess of what was attributable to growth was metabolic tissue replacement. The value of the constant m in eq. 7 was derived by fitting the exponential function to match the observed data. The best estimate of m was the value that resulted in the least absolute sum of the differences between calculated and observed isotopic values for each time interval.
Results
Determination of growth rates
Specific growth rates (k) for the mice were obtained using mass change measured at 2-week intervals over the course of the experiment (Table 2 shows average growth rate for each 2-week interval). Calculation was based on determining k for each individual animal then taking the average k for each day. This removes bias owing to small differences between the number of mice weighed at each time point for the control and experimental groups. The k between longer time intervals (e.g., k from day 1 to day 56) was calculated using the difference in mass between the two time points. Mice exhibit determinate growth, generally approaching asymptotic mass approximately 14-16 weeks after birth. In our experiment, the mice were approximately 13 weeks old and sexually mature at day 1. During the time course of the experiment, the mice continued to grow (Fig. 1) . However, the the value of k was highest for the first 4 weeks and then declined steadily throughout the remainder of the 16-week experiment as the animals approached their asymptotic mass (Table 2) . Growth rates of the control and experimental groups were not statistically different (Student's t test, p = 0.35).
Carbon isotopes
Turnover rates of carbon were observed for blood, muscle, and liver tissues using stable-isotope analysis. Blood carbon turned over most rapidly, with isotopic change stopping by day 70, indicating equilibrium with the new diet. Muscle carbon turned over more slowly than blood carbon, coming into equilibrium with the diet by day 84, while liver carbon had the slowest turnover rate of the three tissues analyzed. All three tissues had carbon turnover rates that were substantially higher than those expected owing to growth alone (Table 3), and preferentially incorporated 13 C-depleted carbon from casein. Based on mixing equations (eq. 2) using sucrose (-11.9‰) and casein (-25.6‰) as end-members and assuming (i) that mice were in isotopic (δ 13 C) equilibrium with their new diet after 112 days and (ii) that lipid was a minor component in new tissue production, we estimated that by the end of the experiment approximately 79% (blood and liver) and 74% (muscle) of the incorporated carbon was derived from casein.
The initial δ 13 C of blood was -19.1‰ ± 0.5‰ (n = 13), approximately 1.4‰-enriched relative to diet δ 13 C. The δ 13 C of blood rapidly changed until the 70th day of the study, when it reached a δ 13 C value of -21.8‰ ± 0.1‰ (n = 4) and isotopic change stopped (Fig. 2a) . The average growth rate constant (k) at day 70 (from day 1 to day 70) was 0.00244 (Table 3) ; however, the turnover rate constant (k + m) needed to describe the exponential change observed was 0.041 (Table 3). The half-life of blood carbon was estimated to be approximately 16.9 days.
The initial δ 13 C of muscle was -19.0‰ ± 0.3‰ (n = 2), approximately 1.5‰-enriched relative to that of diet. The pattern of muscle δ 13 C turnover was very similar to that observed for blood so that the growth rate did not completely account for the observed isotopic turnover rate. The δ 13 C turnover rate for muscle was slightly slower than that observed in the turnover rate of blood and tissue, and the change had stopped by the 84th day (Fig. 2b) . The final δ 13 C of muscle was -21.1‰ ± 0.1‰ (n = 3) and was approximately 4.5‰ higher than the δ 13 C of casein. The average growth rate constant (k) up to day 84 was 0.0026 ( however, the turnover rate constant (k + m) that best described the observed exponential change was 0.029 (Table 3). The half-life of muscle carbon was estimated to be approximately 23.9 days. The initial δ 13 C of liver was -18.9‰ ± 0.4‰ (n = 2), approximately 1.6‰-enriched relative to that of diet. As with blood and muscle tissue, liver δ 13 C turnover rate was substantially higher than the change predicted by the growth rate alone. We used the overall growth rate (k) as an estimate for the increase in liver mass, because the liver mass was not determined. However, we expect that organismal growth rate is actually higher than the liver growth rate, and thus our calculations actually overestimate the relative contribution of growth to the tissue turnover rate. The initial δ 13 C turnover rate for liver was slower than that of either blood or muscle. The turnover rate constant (k + m) that matches the observed isotopic change during the first 28 days of the study was approximately 0.015. However, this rate did not accurately predict the isotopic change observed during the last 6-8 weeks of the study, which would require a higher initial rate to accurately model what was observed. In other words, turnover of liver carbon was not as well described by exponential equations as the turnover of other tissue types. By the end of the 112-day experiment the liver had reached a δ 13 C value of −21 8 . ‰ ± 0.1‰ (n = 3), which was the δ 13 C value for blood at equilibrium with the new diet (Fig. 2c) . However, these results do not necessarily show that liver reached δ 13 C equilibrium with the new diet by the end of the experiment, because measurements were not made after the 112th day. The growth rate constant (k) at day 112 was 0.00235 (Table 3) ; however, a turnover rate constant (k + m) of 0.015 (Table 3) was necessary to provide the most accurate model of the observed δ 13 C turnover up to 6-8 weeks into the study. Because liver δ 13 C was not well described by a single exponential curve, carbon half-life was not estimated.
Metabolic tissue replacement rates for carbon (m in eq. 7) were calculated by comparing expected δ 13 C owing to growth to the isotopic change observed during the experiment. The value for m that resulted in the least sum of the differences between the observed and the calculated isotopic change was used as the correct m value and is given in Table 3. The modeled turnover, calculated using k and m values from Table 3 , closely matches the observed values as seen in Fig. 4 . For all tissues, δ 13 C change owing to growth was an order of magnitude lower than that owing to metabolic tissue replacement (Table 3, Fig. 3 ).
Nitrogen isotopes
Nitrogen isotopes were particularly useful as a turnover tracer in this experiment because casein (5.4‰) was the only source of nitrogen. Initial δ 15 N of the blood was 5.8‰ ± 0.5‰ (n = 6) and was approximately 3‰ higher than that of the diet. By day 14 of the experiment blood δ 15 N had increased significantly towards the δ 15 N expected for an organ- Fig. 2 . Comparison of turnover rates for blood (a), muscle (b), and liver (c) tissues from mice as determined by δ 13 C. Blood, muscle, and liver tissues were harvested from the experimental and control groups as described in the Methods. The averages are given for the control () and experimental (᭹) groups, and error bars indicate the SD for each time point. ism in equilibrium with casein. This period of rapid turnover continued until after the 56th day and then slowed (Fig. 5a ). The overall turnover rate constant (k + m) of blood was 0.036, which was an order of magnitude greater than the growth rate constant (k) (0.00235; Table 3 ). By the end of the experiment, blood δ 15 N was 8.6‰ ± 0.02‰ (n = 3) and 3.2‰-enriched relative to casein. Observable isotopic turnover slowed after day 56 and equilibrium with the new diet was assumed to have occurred. The half-life of blood nitrogen was estimated to be approximately 19.3 days.
The turnover rate of muscle nitrogen was initially slower than that of blood nitrogen, although it also was much greater than that expected based on growth alone. Initial muscle δ 15 N was 6.0‰ ± 0.2‰ (n = 2) and was approximately 3.2‰ higher than that of the diet. Observable isotopic turnover slowed after day 56 as the δ 15 N of the tissue approached equilibrium with casein ( Fig. 5b) , reaching 8.6‰ ± 0.2‰ (n = 3) and approximately 3.2‰ higher than casein δ 15 N, on the final day of the experiment. As with blood, isotopic turnover slowed to the extent that equilibrium could be assumed to have occurred. The average growth rate constant (k) during the experiment was 0.00235; however, the rate constant (k + m) needed to describe the exponential change observed was 0.027, which was an order of magnitude greater than that owing to growth alone (Table 3 ). The half-life of muscle nitrogen was estimated to be 24.8 days.
Turnover of liver nitrogen was faster than blood or muscle nitrogen and had an enriched δ 15 N signature compared with the signature of "muscle or blood". Given the usual 3‰-3.5‰ enrichment between diet and consumer, one would expect tissue δ 15 N values between 5.8‰ and 6.3‰ because the initial control diet was 2.8‰. Although this level of 15 N enrichment was observed in blood and muscle, liver was initially 7.9‰ and was approximately 5‰-enriched relative to the δ 15 N of the original diet. This unusual 5‰ enrichment relative to that of the initial diet was also apparent when the δ 15 N signature of the liver reached equilibrium with the new diet. When the experimental group was switched to casein, the δ 15 N of liver tissue quickly increased, equilibrating with the new diet at a δ 15 N of 10.6‰ and was 5.2‰-enriched relative to casein. Near equilibrium with the new diet occurred by the first time point at day 28, although isotopic change continued at a slow rate until day 84, resulting in an estimated half-life of liver nitrogen of approximately 7 days (Fig. 5c ). This rapid turnover rate was reflected in the relatively high turnover rate constant (k + m), which was determined to be 0.095 (Table 3) , approximately three times greater than turnover rate constants of blood and muscle. As observed throughout the experiment, the rate of isotopic change in liver was more than an order of magnitude greater than that expected owing to growth alone (0.00235; Table 3).
As with carbon isotopes, tissue nitrogen replacement rates (m in eq. 7) were calculated by comparing expected δ 15 N Fig. 3 . Growth alone cannot account for the turnover rates for blood (a), muscle (b), and liver (c) tissues from mice as determined by δ 13 C. Blood, muscle, and liver tissues were harvested from the experimental group (᭹) as described in the Methods. The averages are given for each time point, and error bars indicate the SD. The expected turnover rates owing to growth alone (᭡) were calculated, as described in the Methods, using the growth rates given in Table 3 . , and liver (c) tissues from mice as described in the Methods. Growth constants (k) from Table 3 and m were used to calculate the expected δ 13 C value using eq. 7 described in the Methods. The isotopic values calculated using k and m are indicated by the thick line, and the actual observed δ 13 C values are indicated by the thin line and ᭹.
owing to growth versus that actually observed during the experiment (Fig. 6 ). Calculated turnover rate constants (k + m) predicted isotopic values nearly identical to observed values (Fig. 7) , allowing us to model the relative contributions of growth and metabolism in tissue turnover. As indicated in Table 3 , observed δ 15 N change in all tissues was approximately an order of magnitude greater than turnover rates expected owing to growth alone (Table 3) .
Discussion
Stable-isotope analysis is an extensively used tool in ani- , and liver (c) tissues from mice as determined by δ 15 N. Blood, muscle, and liver tissues were harvested from the experimental group (᭹) as described in the Methods. The averages are given for each time point, and error bars indicate the SD. The expected turnover rates owing to growth alone (᭡) were calculated, as described in the Methods, using the growth rates given in Table 3 . , and liver (c) tissues in mice as described in the Methods. Growth constants (k) from Table 3 and m were used to calculate the expected δ 15 N value using eq. 7 described in the Methods. The isotopic values calculated using k and m are indicated by the thick line, and the actual observed δmal ecology to examine such things as migration patterns, dietary sources, and physiological condition (reviewed in Hobson 1999; Lajtha and Michener 1994) . In this study we have used stable-isotope analysis to determine the rate of tissue turnover in sexually mature laboratory mice following a change in diet. We have found that the rate of change of isotopic signature, which reflects tissue turnover rate, varies between tissues, and that in adult mammals, growth is responsible for at most 10% of the turnover rate, with the remainder owing to metabolic tissue replacement. Further, because protein and carbohydrates in our experimental diet are from different sources and therefore have different isotopic signatures, we have been able to determine that approximately 75%-80% of the new tissue synthesized is made from dietary protein, not carbohydrate, for the particular diet component percent mix in this study. This suggests that the bulk isotopic signature of a consumed material will not necessarily be reflected in the tissues of the consumer.
There is one concern that arises with using carbon isotopes to trace diet incorporation into adult mammal tissues over time. Lipid accretion rises as mammals age, and because the lipid is 13 C-depleted, the remaining carbon pool becomes increasingly 13 C-enriched. This might result in an isotopic shift, not owing to diet, but owing to increasing lipid storage and, consequently, a 13 C increase in other tissues owing to an increase of 13 C in the available carbon pool. If the lipid accretion was significant enough to effect the δ 13 C of other tissues over the 16 weeks of our experiment, then the control group tissues would show a δ 13 C increase with time. However, regressions of mean δ 13 C at each time point for control blood, liver, and muscle tissues show that there was no significant change over time for any tissue (p > 0.05). Therefore, if there was an increase in lipid accretion as the mice were aging, it did not result in a 13 C enrichment of other tissues.
Turnover rate is primarily dependent on metabolism
Tissue turnover results from catabolic breakdown and anabolic replacement of tissue components, including proteins, lipids, and carbohydrates. At steady state, breakdown and replacement rates are equal, whereas during growth periods, synthesis of new tissue exceeds breakdown, resulting in tissue mass increase owing to an increase in either cell size or cell number. Thus, the rate of tissue turnover is dependent on both the growth rate (k), considered to be synthesis in excess of breakdown, and the metabolic rate (m), considered to be the balanced rate of breakdown and re-synthesis of tissue components. The study described in this paper dissects the relative contributions of growth and metabolism in the turnover of various tissues in adult mice.
Most studies examining tissue turnover by stable-isotope analysis have been conducted on quickly growing invertebrates (Fry and Arnold 1982; Frazer et al. 1997) , Japanese quail (Coturnix japonica Temminck and Schlegel, 1849) and chickens (Gallus gallus (L., 1758)) (Hobson and Clark 1992a, 1992b) , or larval/juvenile fish (Herzka and Holt 2000; Harvey et al. 2002) . Not surprisingly, these studies showed that growth, or gain in mass, was responsible for isotopic change. In contrast, our study using adult mice indicates that, in all tissues studied, at least 90% of the turnover measured by stable-isotope analysis is due to metabolic tissue replacement. Growth of new tissues resulting in increased mass of the organism results in less than 10% of turnover. This finding is consistent with a previous quantitative model of metabolic energy expenditure between maintenance and growth (West et al. 2001 ). The West et al. (2001) model predicts that approximately 7.5% at day 1 to less than 5% at day 112 of metabolic energy is used for growth, consistent with our observations that less than 10% of tissue turnover is due to growth.
Turnover rates vary between tissues
In this study we examined the turnover rates of three tissues (blood, muscle, and liver) in laboratory mice. We found that the whole tissue turnover rate of blood, as measured by δ 13 C, was faster than that of muscle and liver. Few studies have examined blood tissue turnover using stable-isotope analysis, and these have focused on quail and chickens (Hobson and Clark 1992a, 1992b) MacAvoy et al. 2001) . These blood tissue half-lives likely reflect the metabolic rates of the organisms. Homeotherms generally have higher metabolic rates than poikotherms, whose metabolic rates vary with the temperature of their environment. In homeotherms, metabolism decreases with increasing body mass. The faster the metabolism the quicker the turnover rate, and therefore the shorter the half-life of the tissue. Our results generally fit this correlation. In this study, mean blood tissue δ 13 C reached equilibrium within 2 months after a change in diet, with a half-life of 16.9 days, which is consistent with previous work measuring the halflife of red blood cells in mice at approximately 15 days (Russev and Bernstein 1966) . The fact that blood is a renewable tissue, and the relative ease of nonlethal sampling in the field, may make blood the preferred tissue choice for researchers investigating food webs that experience prey migrations or seasonal shifts in prey/food sources. Our work suggests that blood tissue sampling in mice would be useful for examining dietary changes occurring from 1 week to up to 2 months in the past. Larger mammals, with slower metabolic rates, would exhibit slower blood tissue turnover, resulting in an increased time required for blood to reflect the isotopic signature of the diet.
In the current study we examined the turnover rate of whole blood tissue, which contains a number of distinct components, such as plasma, red blood cells, white blood cells, and platelets. The cellular component of blood originates from progenitor cells in the bone marrow, whereas plasma, the liquid component of blood, contains numerous proteins that are mostly produced by the liver; and each has a different half-life. We expect the turnover rates of the cellular and plasma components of the blood to be distinct, reflecting the different sources of these components, but hypothesize that replacement of the cellular components, comprising approximately 47% of blood volume, is the dominant driver of isotopic change in this experiment.
Tissue turnover of muscle as measured by δ 13 C was slower than blood, reaching equilibrium with the new diet by day 84, with a half-life of 23.9 days. This half-life is similar to, although slightly faster than, the previously measured muscle turnover rate in gerbils (half-life of 27.6 days; Tieszen et al. 1983 ) that likely reflects the slower metabolic rate of the genus Gerbillus, which has a VO 2 of 0.8 mL O 2 ·g -1 ·h -1 compared with 1.7 mL O 2 ·g -1 ·h -1 for the genus Mus (Prosser 1973 ). The turnover rate of liver carbon and liver nitrogen measured by δ 13 C and δ 15 N differed dramatically. The liver carbon turnover as measured by δ 13 C failed to reach equilibrium after 112 days. However, liver nitrogen turnover as measured by δ 15 N was much more rapid, with 90% of the isotopic shift taking place in the first 28 days, with a half-life estimated at 7 days. The half-life derived by δ 15 N is in accordance with previous work measuring the liver half-life of gerbils at 6.4 days using stable carbon isotope analysis (Tieszen et al. 1983) . One possible explanation for the dramatic difference between liver carbon and liver nitrogen turnover rates may be the types of molecules containing these elements. Carbon is present in all macromolecules, carbohydrates, lipids, proteins, and nucleic acids, whereas nitrogen is present predominantly only in proteins and nucleic acids. Therefore, nitrogen turnover is primarily reflecting the rate of protein turnover, whereas carbon reflects total tissue turnover. Previous studies have shown liver protein (Schoenheimer 1946; Waterlow 1980) or whole liver (Hobson and Clark 1992a) turnover to be more rapid than muscle turnover. This reflects the higher metabolic rate of liver compared with muscle (Grande 1980) , and is consistent with the idea that tissues with faster metabolisms turn over more rapidly.
Fractionation of dietary components into tissues
Enzymes preferentially incorporate lighter isotopes of carbon and nitrogen during biochemical reactions, resulting in an approximately 1‰ enrichment of δ 13 C (DeNiro and Epstein 1977) and 3‰-3.5‰ enrichment of δ 15 N (Minagawa and Wada 1984; Koch et al. 1994; Michener and Schell 1994; Eggers and Jones 2000) in tissues relative to diet. In general, fractionation of carbon was similar to reported values in other species, being 1.4‰-enriched in blood and 1.6‰-enriched in muscle and liver in δ 13 C relative to diet at the beginning of the study. The δ 13 C values of blood and muscle at the end of the study, however, were 3.2‰-and 2.5‰-enriched relative to the experimental diet (-21.8‰ for blood and -21.1‰ for muscle relative to -18.6‰ for diet). This exceeds typical enrichment relative to diet and suggests that casein (δ 13 C of -25.6‰) was incorporated preferentially to cane sucrose (δ 13 C of -11.9‰). In fact, mixing equations indicate that approximately 75% of carbon incorporated into blood and muscle tissues originated in casein, rather than sucrose, suggesting that dietary protein was primarily used to make new tissue components, while sucrose was used as an energy source, with the carbon being lost as CO 2 (Hobson and Stirling 1997) . These results invalidate the third assumption presented in the methods, namely, that all dietary carbon compounds are incorporated into tissues in proportion to dietary concentration. This study shows quantitatively that the carbon isotope signature of protein drives the δ 13 C of a consumer, even if it is not the dominant form of carbon in the diet by mass. This finding suggests that diet quality, protein versus carbohydrate, may be a very important influence on a consumer's isotopic signature relative to that of diet, and that researchers using carbon isotopes as a tool for deciphering food webs should carefully examine the different sources of carbon in primary production before evoking the usually assumed 1‰ enrichment per trophic level.
Blood and muscle were approximately 3‰-enriched in 15 N relative to the diet at the beginning of the study, and after equilibrium were approximately 3.3‰-enriched relative to casein, the sole nitrogen source in the experimental diet. However, both initial and final δ 15 N values of liver were approximately 5‰ higher than that of the initial diet or casein. This surprising result, although seen in other studies (Sutoh et al. 1987) , suggests that differential fractionation of nitrogen occurs in different tissues as a result of different biochemical processes. Protein turnover has been shown to occur very rapidly in liver (Schoenheimer 1946; Waterlow 1980) , resulting from the fast breakdown and replacement of various proteins. It seems likely that the metabolic intermediates of these proteins are re-used frequently, thus exposing these metabolites to successive rounds of enzyme discrimination and resulting in higher δ 15 N values than typically seen. This is consistent with the higher metabolic activity in the liver, and further suggests that the tissue turnover rate of liver measured by the rate of stable-isotope change likely under-represents the metabolic activity of this tissue.
As observed by Gannes et al. (1997) , understanding how diet quality and the allocation and fractionation of dietary elements contributes to stable-isotope-enrichment patterns is advisable for workers using isotopes to decipher food webs. In this paper, we confirmed that tissue turnover rates varied and tended to reflect the metabolic rate of the tissue, and that diet-tissue discrimination was not uniform for all tissues. In addition, our results suggested that growth, or gain in mass, was responsible for at most 10% of tissue turnover in adult homeotherms that exhibited determinate growth, and finally that carbon compounds were not equally used in generating new structural tissue elements.
